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Results of a s ta t ic   s tabi l i ty   controls   invest igat ion  carr ied  out  
with a very  low-aspect-ratio  delta-winged missile are  presented.  Control 
effectiveness comparisons a r e  made for  tail,  canard,  and nose control 
configurations  with  respect t o  angle of  attack,  angle  of bank, and Mach 
number. Trim capabili t ies of the various configurations are also  pre- 
sented.  Theoretical  predictions of control  effectiveness  are made and 
compared with  experimental measurements. 

INTRODUCTION 

The selection of a particular  control  for a given  missile is  
frequently a compromise over conflicting  requirements. From the  control 
viewpoint, the  inherent advantage of the small center-of-pressure  travel 
that i s  characterfstic of delta  configurations  having l o w  aspect  ratio 
places a premium on control  types  that  preserve or Fmprove this feature. 

The purpose of this paper is to  discuss  the results of a s t a t i c -  
stabil i ty-controls  investigation  carried out with the  missile configura- 
t i on  shown in  f igure 1. Besides small center-of-pressure  travel with 
Mach rider, the  low-aspect-ratio  configuration w a s  chosen  because  of the 
inherently small induced rol l ing moment develo d during maneuvering con- 
ditions. The basic wing-body conibination "= f ig .  I) consists of a +caliber 
ogive nose with a cylindrical  afterbody  fitted  with 8 cruciform wing. 
Overall body length i s  10 diameters, The cruciform wing  has a delta  plan 
form with an aspect  ratio of 3/8. Wing panels consist of f l a t   p l a t e s  
with  leading and t r a i l i ng  edges beveled. The model was  tested  with  three 
basic control types  (fig.  1): a t a i l  control, a canard  control, and  a 
no6e control. The center-of-gravity  positions to allow a s t a t i c  margin 
of 0.2 diameter a t  Mach nunher 2 resul ted  in   shorter  moment arms for   the  
canards; all center-of-gravity  stations are i n   t h e  range of 9 t o  55 per- 
cent of the body, which represents  realistic  values. 

- 

* Title,  Unclassified. 
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SYMBOLS 

aspect  ratio of wing of exposed panels  Joined  together 

drag co&fia-&k-b&sed on-body  area (fid2/4) 

p i t  ching -moment 
diameter (a) 

pitching-moment 
'I a, = 8t 0) 

coefficient based on body area (nd2/4) and body 

effectiveness  parameter (&&ti evaluated at . .  

incremental pitching-moment coefficient 

l i f ' t  coefficient based on body reference  area ( nd2/4) 

normal-force  coefficient  based on body reference  area (d2 /4 )  

body diameter 

free-stream Mach nmiber 

center  of  pressure measured from nose of missile 

angle of  at tack 

control  deflection  angle 

angle of bank 

DISCUSSION 

The de ta i l s  of the  controls  are shown in   f igure 2. Three  types were 
tested: a diamond-plan-form control  with EL balanced  hinge line; e. rec- 
tangular  control  with a balanced hinge line; and  a swiyeling nose control. 
The planar  types  both  have wedge-shaped cross Gections t o  reduce  center- 
of-pressure movement on the  control. The swivel  nose  control  consists of 
EL forward portion of  the  ogive noBe that pivots  in  the  pitch  plane  rela- 
t i ve   t o   t he  body axis. The swiveling  portion was designed t o  have the 
same plan-form area  as two of  the planar surfaces t o  mke  contra1  effects 
comparable on an  area basis. 

" 

I 
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For  the  diamond-plan-form  cases,  the  controls  were  tested  interdigi- 
tated  with  respect -t;o the wings as w e l l  as W i n e  with  the wings.  Esnce, 

pitch  plane was increased by a factor  equal to the  square  root  of 2.”. This 
factor  should be recogpized  when  comparisons  are  made  between M i n e  and 
interdigitated  controls,  particularly in the  case of control  effectiveness. 

i all  four  panels  were  deflected,  and  the  effective  control area in the 

A An assese~llent of control adeqmcy depends on prerequisites  estab- 
lished by the  fntended  mission. Among the  desirable  control  qualities 
of an interceptor  type  of  missile is that of possessing  stable  equilib- 
rium  over  its  operational rmge wLth  regard to angle  of  attack as well 
as  Mach  number.  For  simplicity  of  the  guidance  system,  there  should bk 
no control  reversal.  Further,  the  missile  should  be able to fly at trimmed 
conditions  without unduly high  trim-drag  penalties. Also, control  effec- 
tiveness should be sufficiently high to a l low for  development of large 
normal forcea  to  yield  rapid  response  rates. 

Y The  criteria  just  given  are  satisfied  for a mZssile  that: (1) is 
able t o  operate a t  a s m a l l  static-stability  margin; (2) has no inherent 
control  reversal  introduced  by  configuration  nonlinearities;  and (3) pos- 
sesses a control  with  high  effectiveness.  This  discussion  specifies  for 
the  given  configuration which control type, tail control  or canard con- 
trol,  inline  or  interdigitated,  or  nose  control,  ha6  the  best  qualities. 

The  effect of the  addition  of  controls to the  basic win@;-body combi- 
nation  is  shown in figure 3.  The  center  of  pressure  measured  from  the 
mse of  the  missile, x/d, is plotted as  a function of angle  of  attack, a, 
for OO control  deflection  at mch n m h r  3 .  The s m a ~  center-of-pressure 
travel f o r  the  basic KLng-body combfnationwas  retained  at Mach num- 
ber 5. For  comparison,  the  body-alone  center-of-pressure  travel  is also 
shown to illustrate  the  advantage gained by wing a low-aspect-ratio wing. 
Adding canard  surfaces in the  fnterdigitated  position  cau8es an increase 
in the  center-of-pressure  travel  at small angles of attack. On the  other 
hand,  adding  the tail control in the  interdigitated  position  improves 
the  center-of-pressure  travel  of tlze basic wing-body conbination. For 
thia  case,  center-of-pressure  travel  is  independent  of  angle of attack 
and lies on the  centroid of plan-form area. ThChw-, for  the  configuration ,-. 
of  the.pre6en-b t es t ,  addition  of  control area be- the  centroid of mea’. 
of the  basic --body combination  reduces  center-of-pressure  travel I 

whereas  addition  of  control  area  ahead of the  centroid of area  increases ,: 
the  center-of-pressure  travel. 

The  extremely s& center-of-pressure  travel shown for the  inter- 
* digitated  tail  controls results in linear  pitching-moment  curves  that, 
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i n  turn, allow the missile t o  be trimmed t o  small values of s t a t i c  lnargin 
with no inherent control  reversal. O n  the other hand, the center-of - 
pressure  travel  indicated  for  the canard  case results in nonlinearities C' 

i n  the pitching moment at small angles of attack, and therefore  yields 
higher trim penalties. i - - 

- .  

In figure 4 the control  effectiveness a t  Mach  number 2 for the 
canard and tail controls i s  shown. The incremental pitching-moment 
coefficient A& i s  plotted  against  control  deflection 6 for  angles 
of attack of Oo and 14'. At Oo, as would  be expected,  the  incremental 
pitching-moment coefficient  for the interdigitated ca8es i s  greater than 
that for the  inline  case by a factor approximately  equal to   the square 
root of 2. A comparison of the canard and &ail-rearward types shows 
that the canards a re  rmich mre   e f fec t ive  at small control  deflections. 

control span i s  the sane as the King span, v c t e d  fayorable $axr- " I ' .  When operating a t  combined-an@;le of a-d control 
deflection at t h i s  Wch number, the Canadconfigurationi show a reduc- 
tion of control  effectiveness which i s  of the order of percent at a a  
angle of a t tack of 14' and large  control  deflection. This i s  caused by 
the stalling of  the  canard  surfaces which are deflected  positively to 
trim. For the h t e rd ig i t a t ed  ta i l  control, however, there is essentially 
no change in  control  effectiveness a t  combined angle of attack and con- 
t rol   def lect ion.  The inl ine t a i l  controls exhibit & constant  control- 
effectiveness  reduction of about 15 percent a t  conibined angle of attack 
and control  deflection owing t o  their location in the wake of the uing. 

-. --Therefore,  the  interdigitated t a i l   r e a l i z e s  a gain in control  effective- 
ness which is greater  than the square-root-of-2 factor.  

.,This indicates that, fo r  this specific can&rd configuration where the 

Comparison of figures 4 and 5 shows the effect  of Mach number on 
control  effectiveness for the  canard and-tail   controls.  The arrangement 
of the two figures i s  the s m .  A t  Oo angle of attack, the incremental 
pitching-moment coefficient i s  decreased  by the inverse  ratio of p 
(= d z )  i n  accordance with linear  theory. .This holds for all of 

the  planar  control  types  tested. A t  conibined control  deflection and 
angle  of attack at Mach nuuiber 3 ( f ig .  >), the  interdigitated canard 
control  exhibits  favorable  interference, just the  opposite of the effect 
found a t  Mach number 2 ( f i g .  4 )  The interdigitated t a i l  control, how- 
ever, s h m  a negligible  effect of angle of a t t ack   a t  both Mach nuniberg;. 

The rec tmguhr-p lan- fom  ta i l   cont ro l  develops the same control 
effectiveness at smal l  angles of  a t tack as does the diamond-plan-form 
control. A t  combined angle  of attack and control  deflection the 
rectangular-plan-form  control e t h  one-quarter-chord gap retains  control 
effectiveness. The effect of  decreasing the gap f r o m  one-quarter chord 
to zero was to linearize the pitching monent. The linearizing effect  of 
the zero-gap rectangular-plan-form tail control can be attr ibuted t o  

c 

I .. 

.. . 

*. 

U- 



NACA RM A s D l D  5 

c 

J 

viscous effects which prevent the f loy  from passing through the wing- 
control gap as the control unports initidly. me mre  linear variation 
of pitching-mment coefficient resulted i n  slightly higher trim normal- 
force  coefficients .than were obtained for both the  inline diamond. con- 
figumtion and the one-quarter-chord gap rectangular tail configuration. 

For the swivel nose control it was ford that  control  effectiveness 
increased slightly between Mach  numbers 2 and 3 .  A n  analysis i n  which 
control  effectiveness vas calculated, assuming that the swiveling ogive 
ca.n be replaced by a cone, predicts such an increase. Hanever, the 
effectiveness of the nose control is low; f o r  example, a t  Mach n m b r  3 
it is  less than half the value corresponding t o  the interdigitated tail 
control. 

The effect of bank angle on pitching-mrcent effectiveness is shown 
in  figure 6. For the case shown, the m i s s i l e  receives a coIIpnand t o  
maneuver toward a tasget that is a t  an angle 9 relative t o  the missile. 
The  maneuver i s  accomplished by deflecting a l l  four  control panels t o  go 
directly t o  the  target wLthout rolling. The control  effectiveness 
sham on the ordinate is develope& in the plase of the  target. The 
dashed llnes  represent linear theory  with no regard f o r  interference 
effects. The points are results of wind-tunnel tests at  Mach number 3 
and an angle of attack of E?. 

Cms 

The theory  indicates no advastage for  either type of control owing 
to symmetry a t  9, = 45O. However, a t  45O the inllne configuration does 
not realize  the  theoretical  prediction because of the  location of the 
control panels i n  the wakes of the wings. The interdigita5ed  control, 
w h i c h  is positioned mre  favorably, has no wake interference  effects 
and develops practically as much pitching effectiveness  as  the  inline 
control a t  450. Thus, the  interdigitated  control has a slight advantage 
i n  this maneuver over 8 wider angle range. 

For the long-chord low-aspect-ratio  configuration a t  corcibined angles 
of attack and sideslip, t e s t s   a t  the Langley Aeronautical Laboratory and 
the Ames Aeronautical Laboratory have shown that there is adequate r o l l  
control up t o  Mach nmiber 6. 

In figure 7, the tr3m CapabFYties of the  control -types are compared. 
In this figure trlm normal-force coefficient C N ~ ~  is plotted as a func 
tion of the trim control  deflection 6- a t  Mach  number 3 .  Au_ types 
were trimmed t o  the same stat ic  margin t o  make this c q a r i s o n .  Owing t o  
the  excellent  center-of-pressure  characteristics the. interdigitated  tail  
control develops the  highest normal force for a given control  deflection. 
Although the  interdigitated canard showed the largest center-of-pressure 
travel,  the favorable  interference that w a s  observed t o  exist e d l e s  
this control type t o  develop high normal forces also. The lowest curve 
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represents  the  swivel-nose-control  case  as well as the  inline  diamond 
and rectmgular tail and  canard  controls. As shown,  the maximum trim 
normal-force  coefficient for this group is only slightly  greater  than 2. 

* By resort-  to  interdigitation of the  control  panels  it  is  possible, 
Itherefore, to develop  over  twice  the  trim normal force  relative  to  the 

, '  inline  types. 

The  trim  lift-drag p o h r s  are shown in figure 8. The  trim  lift 
coefficient  is shown as a fbctlon of the trim drag  coefficient  at  Mach 
number 3.for the  various  configurations.  The  dashed  line  represents  the 
untrimmed  case  which  is  essentially  the  same  for  all  control  types.  The 
minimum  drag  for  the  canard  types  is  slightly  higher  than  that f o r  the 
tail-rearward  types. For any given  lift  coefficient  the  plot shows that 
the drag penalty  is  leait  for  the  interdigitated  tail  control. 

In figure 9 the comparison  is  made of the  agreement  between  experi- 
mental  and  predicted  control  effectiveness as a function of Mach number. 
m e  dashed  curve is the  linear  theory  result of reference 2 which takes 
into  account  panel-body  interference.  The  circles  represent  experimen- 
tal  data fo r  the  interdLgitated  tail  control. Theory overpredicts  con- 
trol  eeectiveness  by & almost  constant  percentage.  The  trend  predicted 
by linear theory of the  falloff of effectiveness with Mach nuniber  holds 
f o r  Mach nunibers up to 6. Although  the  control  effectiveness  decreases 
with Mach nmiber,  the  good  moment  characteristics  of  the  interdigitated 
tail  control  at  combined  control  deflection and angie of attack  still 
allow large trim forces  to  be  developed  at the higher  Mach  nunibers. 

In figure 10 the same comp&rison is shown f o r  the  interdigitated 
canard  control. For this  case,  theory  underpredicts the experimental 
values.  This  occurs over the  entire  Mach number range and illustrates 
that  favorable  interference  acts to increase the control  effectiveness 
at Oo angle of attack fo r  this  particular canard surface. Ebwever, at 
combined  control  deflection and angle of attack  it has been  noted  that 
the  interference can be unfavorable.  The  decrease of control  effective- 
ne86 wlth Mach number  is  again  closely  predicted by linear  theory. 

CONCLUDING REMARKS 

. "- 

For the  delta  configuration having l o w  aspect  ratio  tested fn this 
investigation,  the  interdigftated  tail  control comes closest to satisfying 
the  criteria  given.  This  control  actually  improves  the  stability  of  the 
basic wing-body combination. 11 Small center-of  -pressure  travel allows 
trimming  at small stability  margin  with  subsequent small trim-drag pen- 
alties.1)  Larger  trim normal forces can be  developed for this  control  than * 
can  be  developed f o r  inline-control  types. Finally, the favorable location 

m 
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of the  control panels away from the  w i n g  wake minimizes interference 
effects so that  the  control  effectivenebs is m&ntained over wide limits. 3 

Ames Aeronautical Lakoratory 
National Advisory  Committee for Aeronautics 

Moffett Field, Calif., Mar. 19, 1958 
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EFFECT OF CONTROL ON CENTER OF PRESSURE 
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PREDICTION OF TAIL CONTROL  EFFECTIVENESS 
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